The use of indicator dilution curves has now become established as a routine procedure in studies of the circulation. Dyes are the commonly used indicators and the time concentration curve is obtained by intermittent sampling or by a continuous technique with an indwelling needle at a suitable sampling site. More recently radio-iodinated human serum albumin (1125HSA) has been successfully used as the indicator in determining cardiac output. Because of the slow response of earlier nuclear instruments, counting of individual blood samples, each collected over a one-minute period, was the method of choice. The technique was described by Fields (Fields and Seed, 1961) . Rapid advances in the design of nuclear equipment have made available detectors of high sensitivity and ratemeters of such rapid response and precision that accurate continuous recording is possible. An apparatus employing this method was described for measuring blood flow in the femoral artery (Hobbs and Edwards, 1962) . By simply reversing the technique, i.e. injecting the indicator into the femoral vein and sampling from the femoral artery, apparently reliable cardiac output indicator dilution curves were obtained.
The use of indicator dilution curves has now become established as a routine procedure in studies of the circulation. Dyes are the commonly used indicators and the time concentration curve is obtained by intermittent sampling or by a continuous technique with an indwelling needle at a suitable sampling site. More recently radio-iodinated human serum albumin (1125HSA) has been successfully used as the indicator in determining cardiac output. Because of the slow response of earlier nuclear instruments, counting of individual blood samples, each collected over a one-minute period, was the method of choice. The technique was described by Fields (Fields and Seed, 1961) . Rapid advances in the design of nuclear equipment have made available detectors of high sensitivity and ratemeters of such rapid response and precision that accurate continuous recording is possible. An apparatus employing this method was described for measuring blood flow in the femoral artery (Hobbs and Edwards, 1962) . By simply reversing the technique, i.e. injecting the indicator into the femoral vein and sampling from the femoral artery, apparently reliable cardiac output indicator dilution curves were obtained.
Although this method gave seemingly reliable results the apparatus was bulky and had several disadvantages. The injection was made by hand so that the volume and duration of injection were not exactly reproducible; the continuous curve obtained was linear and needed to be replotted on semilogarithmic graph paper so that the downslope could be extrapolated to zero; the use of 1131 resulted in the patient receiving a significant radiation dose and required a detector weighing 475 lb. (216 kg.) ; and the ratemeter and withdrawal pump employed were standard models having many surplus components. A new instrument was, therefore, designed especially for the purpose of obtaining indicator dilution curves by this technique.
The purpose of this paper is to describe the instrument and its laboratory evaluation. The use of I125 labelled albumin ('albumotope', Squibb) introduced many real advantages. (a) A lower net radiation dosage to the patient as well as to the operator (e.g. chest radiograph represents 500-2000 mrad., 50 uc I131 albumin i/v represents approximately 500 mrad., whereas 50 Mc I125 albumin i/v results in a dose of 33 mrad.). This is despite the isotope's longer half-life (ti=60 days), and is due to the emission of only 'soft' photons of 27-3 and 35 4 Kev. energies and the complete absence of beta radiation (Myers and Vanderleeden, 1960 Fig. 1B .
The withdrawal pump uses a 30 ml. syringe and the rate is 10 ml./min. which has been found to be adequate, but the gear wheels can be easily changed. The helix is a single coil of polyethylene tubing (size No. 3 English) and the internal volume of this helix in the well is approximately 1 ml. By means of a three-way stopcock, washout fluid can be withdrawn from a suitable container and this prevents clotting of blood and serious contamination in the helix. The washout solution contains 50 units heparin per ml., and by using this immediately the curve is recorded the background of the helix remains at 300-400 counts per minute (c.p.m.).
The injector unit has a solenoid which rapidly advances the plunger of the 10 ml. syringe. A ratchet is built into the advancement mechanism and a lever cocks the injector for a 1 or 2 ml. volume injection. After the last injection 0 3 ml. remains in the syringe so that the fully-loaded syringe contains 9 3 ml. of solution.
The injection solution contains 25-30 ,c 125 activity per ml. For dog studies 5-10 luc per ml. is adequate.
The recorder includes a null-seeking servo which moves an ink pen in proportion to the input signal from the ratemeter on the vertical or 'Y' axis, and a plug-in synchronous timing motor to move the pen on the horizontal or 'T' axis. A gear ratio was used which produced a writing speed of 3 in. a minute so that 1/10th in. represents 2 seconds. The controls are a wide range zero adjustment and a continuously variable attenuator. Standard 8j in. x 11 in. (21-5 cm. x 28 cm.) sheet graph paper is used, and for the logarithmic recordings a special paper has been designed, though standard 3-cycle semilogarithmic paper may be used. The logarithmic scale is fixed at 3 cycles, 100 to 100,000 c.p.m. The accuracy of the recorder unit is 0 5 per cent static or constant velocity below 7 in. (17 7 cm.)/sec.
The mechanical-electrical layout is shown in Fig. 2 . Two 18-gauge needles are placed in the patient's artery and vein at suitable sites and are connected to the machine by sterile disposable plastic extension sets (William Warne W142 or Baxter R33). When the withdrawal pump is started blood is drawn through the helix in the well at a constant rate of 10 ml. per minute. The activity is monitored by the ratemeter and a logarithmic or linear signal is selected and transmitted to the recorder. After the withdrawal pump has been switched on the injector may be discharged. At the moment the injector is 'fired' the time axis of the recorder is set in motion. This enables accurate appearance, peak, and recirculation times, as well as calculation of the mean transit time in the primary circulation. As soon as recirculation appears the three-way stopcock is turned so that washout solution is drawn through the helix. 
LABORATORY EVALUATION OF THE INSTRUMENT
The Ratemeter. A precision pulse-generating circuit was used to test the ratemeter electronics and the unit was found to have an accuracy of within 3 per cent of full scale.
The Injector. The accuracy of the injector unit was tested by loading the syringe and then repeatedly injecting 1 ml. into a 25 ml. volumetric flask, having a very long neck to prevent accidental loss by splashing, which was weighed on a high precision automatic balance (Stanton model No. EM.2) after each injection. The first series of tests was done using water and the syringe was loaded to 9 3 ml. and fired in 1 ml. volumes until empty. This was repeated six times. The whole procedure was then repeated using indicator solution, i.e. 30 tic I125 albumin per ml. in isotonic saline, and four sets of measurements were made. The syringe was then siliconized before each loading, by application of a solution containing 1 part of silicone MS 550 and 2 parts of diethyl ether. Sets of measurements were made with water and then indicator solution as before. The results of each of these series of tests are given in Table I . A final set of measurements was then made using 2 ml. injection volumes of indicator solution as for cardiac output, and these values are given in Table II .
The Instrument. The reliability of the injector unit having been tested, 41 standard solutions were now prepared by injecting 1 ml. (containing 12/ic) 1125 human serum albumin into 1 litre of water. After shaking well, each solution was drawn through the detector and the resultant count recorded on linear graph paper with full scale representing 4500 c.p.m. The results of these repeated standards are given in Table III 
RESULTS
The values obtained in the injector unit tests of reproducibility are given in Tables I and II . The mean and standard deviation of each group of 1 ml. injectate volumes are graphically presented in Fig. 3 . It is seen in all groups that the initial injection (9-8 ml.), made when the plunger was farthest out of the syringe barrel, always gave a low volume as measured by weight. This was most marked in the group using albumin solution in a plain syringe (mean 09036 g.); in this same group the next injection (8-7 ml.) was also low (mean 09591 g.) but was then followed by a high compensatory value (mean 1-0254 g. at 7-6 ml.). The greatest irregularities were seen when albumin solution was injected from a plain syringe.
When the syringe was siliconized, the second injection (8-7 ml.) was just above 1 g. and the subsequent injections tended to be high so that at the end of the run the residual volume was less than the expected 0*3 ml. Whereas albumin had given an irregular curve when injected from a plain syringe, the results were satisfactory with a standard deviation of less than 3 per cent, apart from the 4 per cent for the first position (9-8 ml.), when a siliconized syringe was used.
When the volume of solution injected was 2 ml., as used in the determination ofcardiac output, the results showed wider variation but the standard deviation was never more than 5 per cent of the mean for each position. Weighing 2 ml. volumes was only done for albumin solution used in a siliconized syringe and the results are given in Table II. To test the overall reproducibility of the instrument a series of standard solutions was made and each was then drawn through the helix. In order to obtain a large number of standards the activity of the injectate was reduced from 30 to 12 ,uc per ml. The recorder attenuation and scale setting was adjusted so that 4500 c.p.m. represented the full scale (7 in. (17.7 cm.)), thus increasing the accuracy of the readings. The results of this series of tests are given in Table III . The mean of the 41 standards was 3808 c.p.m. (S.D.+171). The variability of the instrument may be stated by expressing the standard deviation as a percentage of the mean, and the overall instrument precision was therefore 4-5 per cent in the series of 41 standards.
When the standard solutions were made by injecting 1 ml. of the same solution into 1 litre of either water or blood, similar results were obtained. Thus if the standard is prepared in water an error is not introduced.
APPLICATION IN THE DoG
Two dogs were anxsthetized with intravenous 'nembutal' (30 mg. per kg.) and the femoral vessels of one leg exposed through a small incision. Vinyl Rochester needles, size 18 gauge, were placed in the artery and in the vein, just distal to the inguinal ligament. The instrument was connected to these needles and 1 ml. of 1125 serum albumin, containing 10 uc, was injected into the femoral artery and a linear time-concentration curve recorded from the activity of the blood withdrawn from the femoral vein. Typical curves obtained are reproduced in Fig. 4 . The femoral artery flow was 71 ml. per minute in the 16 kg. dog, and 154 ml. per minute in the 33 kg. dog. When 2 ml. (20 ,uc) were injected into the femoral vein, satisfactory cardiac output curves were obtained from the femoral artery blood. The method has been used in man employing the technique previously described (Hobbs and Edwards, 1962 hyperaemia and after pharmacological vasodilatation can be obtained using the techniques previously described (Hobbs and Edwards, 1962 group.bmj.com on June 20, 2017 -Published by http://heart.bmj.com/ Downloaded from SUMMARY A compact instrument for obtaining indicator-dilution curves using a radioactive indicator has been described. This instrument is designed for use with I125-labelled human serum albumin. The advantages of 1125 over the previously used 1131 include (a) both the patient and the operator receive a much smaller radiation dose; (b) a smaller, lighter, and cheaper detector unit can be employed; and (c) the storage life is much longer. Because the label is already attached to albumin there is no escape of indicator from the vascular space during the primary circulation.
An automatic injector is included in the instrument. The activity may be recorded logarithmically for direct extrapolation. The permanent record is made on standard 8 in. x 11 in. (21.5 x 28 cm.) file paper. The instrument is explosion proof and may be used in the operating room. It is compact and portable, weighing 31 kg. Safety override features prevent faulty techniques and the method is easily carried out by one person.
The instrument has been tested in the laboratory and details of the injector unit's performance are given. The overall instrument precision was found to be +4-5 per cent when a solution of static concentration was used. Flow was determined by comparison of a suitable time concentration curve with a standard. This standard could be prepared in water and experiments showed that the same result was obtained for water as for blood. By contrast, use of dye as indicator requires the use of each patient's blood for the standard.
The mathematical formulwa used to obtain the various circulatory indices are given. A nomogram has been constructed in the form of a simple plastic overlay which can be placed on the recorded curves and the various parameters immediately read off (Filipov and Hobbs, 1963) . The application of the method to the determination of cardiac output and femoral artery flow in the dog and in man are briefly described. Typical curves are shown. The instrument may be used whenever indicator dulution curves are required. Preliminary work on renal flow is at present being carried out and measurement of carotid blood flow is contemplated.
